The strain and temperature responses of transmission dips at 2 / 3 of the Bragg wavelength in type I and IIA fiber Bragg gratings are presented. The existence of such dips is related to complex features that have been observed in microscope images of fiber Bragg gratings. The temperature and strain responses are as expected and demonstrate the suitability of using signals from both the Bragg wavelength and 2 / 3 of the Bragg wavelength for the simultaneous and co-located measurement of strain and temperature, using a single light source.
INTRODUCTION
Fiber Bragg gratings (FBGs) are an attractive option for use in strain and temperature sensing. They are produced by exposing photosensitive optical fiber to an interference pattern of ultraviolet (UV) radiation of sufficient fluence 1 , so that the interference pattern is imprinted in the photosensitive core as a periodic change in the refractive index. Light propagating along a fiber containing a FBG is back-reflected from the grating according to the Bragg condition:
where m is the reflected wavelength of order m = 1, 2, 3, …, is the effective refractive index of the fiber core at m and is the period of the FBG. They are commonly classified into three distinct formation regimes: type I, IIA and II, dictated by the fiber type and the nature of the UV exposure 1 . Type IIA FBGs have been shown to have better stability than type I FBGs at higher temperatures 2 .
eff n Various techniques are used to form the UV interference pattern; the use of a phase mask is the most common 3 . Phase masks are diffraction gratings designed to suppress the zero-diffracted beam to typically less than 3% of the transmitted power and the diffracted first ( 1) orders are maximized to contain typically more than 35%, with the remaining power distributed amongst higher orders 4 . A complex refractive index structure has been observed 5 in the core of a FBG ( Fig.  1 ) and attributed to beating between higher orders of the phase mask used in fabrication. The phase mask used in fabrication of the imaged FBG had a period pm = 1.059 m and the Bragg wavelength, B , was ~1535 nm. According to Eqn. 1, B corresponds to the m = 1 condition if = pm /2, as is expected if the UV interference pattern is formed only by the 1 orders of the phase mask. The image in Fig. 1 has planes of interleaving fringes indicating that the grating has features representative of a periodicity of both ~0.53 m and ~1.06 m, corresponding to pm /2 and pm respectively. Each periodicity will have associated with it a set of harmonic reflections, according to Eq. 1, as m increases from 1. As a consequence a transmission dip should appear at~1030 nm ( FBGs exhibit cross-sensitivity to strain and temperature and many schemes have been proposed to discriminate between these two measurands, including the use of two-superimposed FBGs in one fiber 7 , a type I and a type IIA FBG in series 8 , and a combination of an FBG with Er 3+ fluorescence 9 . Brady et al. 10 and Echevarria et al. 11 achieved strain and temperature measurement using a single FBG by detecting the shift with temperature and strain of the Bragg wavelength peak, B , and a reflectance peak at ~1/ 2 B , the latter being referred to by the authors as the second-order diffraction wavelength. The discrimination between temperature and strain is due to the different temperature and strain sensitivities between each FBG reflectance peak. The ratios of the strain and temperature sensitivities reported for 1 / 2 B and B were about 1 / 2 , consistent with the expected responses, thereby verifying that such reflections are due to the FBG.
An approach to temperature and strain discrimination, similar to this latter work, is described here, in which the second FBG reflection used is at ~2/ 3 B instead of ~1/ 2 B , with the advantage of lower fiber attenuation and fewer fiber modes being present. Additionally the validity of this technique in both type I and IIA FBGs is investigated.
EXPERIMENTAL METHODOLOGY & RESULTS

Fabrication & Transmission Spectra
A type I FBG was written in hydrogen-loaded standard telecommunications fiber using a pm = 1.0703 m phase mask and a frequency doubled argon ion laser operating at 244 nm, with an output power of ~220 mW for an exposure time of 10 mins. A type IIA FBG was written in non-hydrogen-loaded Fibrecore Ge:B-doped fiber using a pm = 1.059 m phase mask and a frequency doubled argon ion laser operating at 244 nm, with an output power of ~98 mW for an exposure time of 80 mins. The Bragg wavelength transmission spectra, shown in the inset in Fig. 1 (a) and (b), were measured using an Er 3+ broadband light source and an optical spectrum analyzer (OSA). Transmission spectra in the region of 2 3 B , shown in Fig. 1 (a) and (b), were measured using an OSA and an Yb 3+ -doped fiber ASE source. Three dips were observed in the transmission spectrum in the region of ~1035 nm of the type I FBG and three dips were observed in the region of ~1027 nm of the type IIA FBG. The observation of multiple peaks has been explained 12 as being due to the presence of higher order modes as the fiber may not be single moded at lower wavelengths.
Strain and Temperature Calibration
The strain and temperature characteristics of the strongest transmission dip in the Linear fits were applied to the data in Figs. 3 and 4 , the gradients of which provided the temperature and strain coefficients of each dip of the type I and IIA FBGs; these are listed in Table 1 
DISCUSSION
These results demonstrate the existence of an FBG reflection at ~2/ 3 B , which is the 3 rd harmonic of features having a period of pm observed within images of an FBG, in both type I and IIA FBGs. As noted earlier, this feature is believed to be caused by the phase mask method of FBG writing. The strain and temperature responses of both FBGs verify that this reflection is associated with the FBG. As shown in table 2, the coefficients obtained here have a ratio of about 2 / 3 (within the error limits), as expected from the approximate ratio of the wavelengths of the transmission dips.
The different strain and temperature coefficients between two separate transmission dips of the same FBG can be used to obtain both measurands at a single location, as reported previously for B and ~1/ 2 B 10,11 . Although the closer values of the coefficients for the two dips when operating at B and ~2/ 3 B , compared with operation at B and ~1/ 2 B , reduces the ability of the sensor to discriminate between both measurands, the sensor does offer certain advantages by using the 2 / 3 B , dip instead of the dip at 1 / 2 B . The reduced optical attenuation in a fiber at ~1030 nm, compared with ~785 nm, would allow the sensor to be operated at a location much more distant from the instrumentation unit. Secondly, operation at 2 / 3 B , for fiber having a cut-off near 1300 nm, is near single-mode. Furthermore, a much simpler arrangement is possible compared with other sensors as illumination of both the Bragg peaks, at ~1030 and 1550 nm, is possible through the use of a single Er 3+ :Yb 3+ ASE light source.
